INTRODUCTION
H ereditary gingival fibromatosis (HGF) is a genetically heterogeneous condition characterized by a slowly progressive, benign fibrous enlargement of keratinized gingiva (Witkop, 1971; Hart et al., 1998; Gorlin et al., 2001 ; OMIM #135300). The clinical presentation of HGF is variable in distribution and severity of expression (Witkop, 1971; Jorgenson and Cocker, 1974; Raeste et al., 1978) . Whether the increased gingiva reflects increased cell numbers, extracellular collagen, or other extracellular constituents is not always clear, and the underlying mechanism is unknown. Reported histological, morphological, and cellular characteristics of HGF gingival tissues differ (Johnson et al., 1986; Shirasuna et al., 1988; Hou, 1993; Barros et al., 2001; Araujo et al., 2003; Saygun et al., 2003; Tipton et al., 2004; Almeida et al., 2005; Gagliano et al., 2005; Martelli-Junior et al., 2005) . Genotype-phenotype correlations are problematic, because it is unknown if reported differences between individuals with HGF are due to variable expression of a common gene mutation, allelic mutations, non-allelic mutations, or methodological differences (Hart et al., 2000; Xiao et al., 2000 Xiao et al., , 2001 Tipton et al., 2004; Ye et al., 2005) . Although genetic studies demonstrate locus heterogeneity, mutation of only one gene, Son of sevenless-1 (SOS1), has been identified as etiologic for non-syndromic HGF (Hart et al., 2002; #135300) . SOS1 is a guanine nucleotide-exchange factor that functions in the transduction of signals that control cell growth and differentiation (OMIM #182530). A single base insertion mutation (SOS1 g.126, 143insC ) introduces a frameshift, creating a premature stop codon, abolishing 4 functionally important proline-rich SH3 binding domains normally present in the carboxyl-terminal region of the SOS1 protein (Hart et al., 2002) . The resultant protein chimera has enhanced activity, since it lacks the carboxyl-terminal domain that normally exerts negative alosteric control (Corbalan-Garcia et al., 1998) . This mutation causes HGF in humans, and similar SOS1 deletion constructs are functional in animal models, and a transgenic mouse construct with a comparable SOS1 chimera produces a skin hypertrophy phenotype (Sibilia et al., 2000) .
This study characterizes histological, morphological, and proliferation in monolayer and three-dimensional cultures of fibroblasts from HGF patients with the SOS1 mutation.
MATERIALS & METHODS

Histological and Quantitative Determination of Collagen Area Fraction
Maxillary anterior buccal gingiva was obtained from three normal control individuals and three HGF patients following informed consent and Human Subjects approval (University of Taubate and National Institutes of Health). HGF patients with gingiva covering greater than one-third of the clinical crowns carried an SOS1 gene mutation (Hart et al., 2002) . Controls needing crown lengthening had clinically healthy gingiva. No individuals reported taking medications associated with gingival overgrowth (cyclosporine, phenytoin, calcium channel blockers). Gingival samples
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were fixed in 10% formalin and paraffin-embedded. Sections (5 m) were stained with hematoxylin and eosin and with sirius red F3Ba (Junqueira et al., 1979) . Fibroblast numbers and mean area fraction of collagen were determined from 6 different fields in each individual, as described previously (Séguier et al., 2000; Ejeil et al., 2003) . Sections observed with polarized light were imaged and analyzed with ImageLab software (Diracom, Vargem Grande do Sul, SP, Brazil), which performed transformations of mathematical morphology and calculation of the area fraction occupied by collagen.
Isolation of Gingival Fibroblasts and Cell Cultures
Gingival tissues were washed with phosphate-buffered saline containing 1X antibiotic-antimycotic solution (Invitrogen, Carlsbad, CA, USA), minced, and incubated overnight (4°C) with dispase (2.5 mg/mL; Worthington Biochemical, Lakewood, NJ, USA). Following epithelial separation, connective tissues were washed with phosphate-buffered saline, digested in collagenase (0.5%, w/v; Worthington Biochemical), passed through a cell strainer (70 m, BD Falcon, Franklin Lakes, NJ, USA), and centrifuged. Pellets were re-suspended in Dulbecco's Modified Eagle's Medium containing 10% FBS and antibiotic-antimycotic solution (Invitrogen). All cells underwent fewer than 10 passages.
Proliferation Measurements
Fibroblasts were plated (48-well culture dishes; 500 cells/well), and cell numbers from triplicate wells were determined daily for 7 days by means of a Z2 Coulter Particle Count and Size Analyzer (Beckman Coulter, Fullerton, CA, USA). All data are from at least 3 separate experiments. To monitor DNA synthesis, we plated fibroblasts in 48well culture dishes (500 cells/well, 37°C). At each time-point, cells were incubated with 5-bromo-2-deoxyuridine (20 M) in its growth medium (37°C) for 4 hrs prior to fixation. DNA incorporation was quantified by ELISA (Roche, Indianapolis, IN, USA).
Flow Cytometry Analysis
For cell cycle studies, from 70 ~ 80 x 10 4 fibroblasts were plated in 100-mm tissue culture dishes and maintained in growth media until 90% confluent. After being washed with phosphate-buffered saline, cultures were serum-starved overnight with Dulbecco's Modified Eagle's Medium containing 20 mM HEPES (starving medium), to synchronize cell cycles. Three culture conditions were evaluated (see Fig. 2 legend) . Cells were detached by trypsinization, and total cell numbers were determined. Cells were fixed and labeled with propidium iodide (Guo et al., 2005) and analyzed by flow cytometry by means of a FACSCalibur (Becton Dickinson, San Jose, CA, USA). Data were analyzed with Cell Quest analysis software. The averaged results are presented as mean ± standard deviation. Differences between groups were analyzed by Student's t test, with P-values < 0.05 considered significant.
Attachment Assays
To compare fibroblast attachment on different extracellular matrices, we coated four-chamber coverglass slides (Lab-Tak, BD Biosciences, Bedford, MA, USA) with type I collagen (100 g/mL), fibronectin (50 g/mL), or poly-D-lysine (50 g/mL) (Sigma, St. Louis, MO, USA). Fibroblasts (30,000/0.5 mL) were plated in each chamber and incubated (37°C, 30 min). Unattached cells were removed, and attached cells were rinsed with phosphatebuffered saline and fixed with 4% paraformaldehyde. Cultures were imaged by inverted microscopy (Olympus, IX71, Center Valley, PA, USA), and images were processed with Adobe Photoshop CS software (San Jose, CA, USA).
Construction of Three-dimensional Collagen Cultures
To monitor three-dimensional cell proliferation in vitro, we prepared a three-dimensional collagen matrix (Igarashi et al., 2003) . After 5 days, cultures were fixed (10% formalin, 37°C, 30 min) and stained with Diff-quik (Med-Ox Diagnostics, Inc., Orlando, FL, USA). To monitor cell proliferation, we released cells by collagenase digestion and determined cell numbers by means of a Coulter Counter. The matrix was also fixed with 10% formalin solution and stained with 0.1% sirius red (Sigma), and collagen fibrils were examined under a microscope. Each experiment was conducted in triplicate.
Statistical Analyses
The mean area fractions occupied by collagen, fibroblast numbers, and proliferation measures for HGF and controls were compared by the Student's t test. Values of p < 0.05 were considered significant.
RESULTS
Mean ages of HGF patients (24.83 ± 8.03 yrs) and controls (24.66 ± 13.5 yrs) were not different. Clinical and histological findings are shown in Fig. 1 . HGF gingiva showed increased connective tissue projections into the epithelium (Fig. 1Bb ), compared with controls ( Fig. 1Ab ). HGF connective tissue contained more fibroblasts per unit area (67.54 ± 8.69) (Fig.  1Bc ), compared with controls (47.52 ± 5.41) (Fig. 1Ac) . The fractional area of collagen in controls, 63.30% ± 0.89%, was significantly less (p < 0.05) than that in the HGF group, 69.65% ± 1.57% (Fig. 1Ad) . Collagen in the HGF groups displayed a less parallel fiber orientation compared with controls ( Fig. 1Bd ).
Proliferation, 5-bromo-2-deoxyuridine Incorporation, and Cell Cycle Profile
Cell proliferation was compared between control and HGF fibroblasts in monolayer culture. Total cell numbers increased at similar rates for the first 2 days ( Fig. 2A) , after which growth rates increased only in HGF fibroblasts. DNA synthesis was monitored through 5-bromo-2-deoxyuridine incorporation. In the first 3 days, incorporation was 25% higher in HGF fibroblasts (Fig. 2B ). After that, 5-bromo-2-deoxyuridine uptake increased gradually and plateaued after day 5 in control fibroblasts, while uptake increased through day 6 in HGF fibroblasts. Cell cycle profiles were evaluated with 3 different culture conditions (see Fig. 2 legend) . With flow cytometry, serum starving for 2 days resulted in a major cell population in the G0/G1 phase (Figs. 2C, 2D) . A slightly greater percentage of cells was found in S and G2/M phases in HGF fibroblasts (Fig. 2D ) than in controls (Fig. 2C) . When serumstarved for 1 day and switched to regular growth medium for 1 day, no difference was found in S-phases between control and HGF fibroblasts; however, a greater proportion of cells entered the G2/M phase in HGF fibroblasts (41% vs. 25%, p < 0.05, Figs. 2E, 2F), indicating greater HGF fibroblast proliferation. When cultures were maintained in regular growth medium for another 2 days, the percentage of the cell population remained higher in both S and G2/M phases in HGF fibroblasts (Figs. 2G, 2H ).
Comparison of Cell Attachment
Cell attachment can affect cell growth in culture systems. To study if cell attachment plays a role in the higher growth rate of HGF fibroblasts, we performed attachment assays. Three commonly used extracellular matrices were coated onto culture dishes. Timecourse studies determined that > 80% of cells were attached within 30 min (data not shown). HGF and control fibroblasts displayed different degrees of cell protrusion when plated on different extracellular matrix-coated plates (Fig. 3A) . For control fibroblasts, > 90% of attached cells already showed extension on the cell periphery in poly-D-lysine-coated plates (Figs. 3Ag) . Less than 10% of attached cells did so in uncoated plates (Fig. 3Aa ). Almost all HGF fibroblasts showed cell extensions in both uncoated and poly-D-lysine-coated plates (Figs. 3Ab, 3Ah ). Similar proportions (~ 60%) of attached cells showed cell extensions for both control and HGF fibroblasts on collagen-and fibronectin-coated plates (Figs. 3Ad, 3Af ). Under higher magnification, control fibroblasts showed only attachment on uncoated and poly-D-lysine-coated surfaces (Figs. 3Ba, 3Bg ). Control fibroblasts displayed membrane ruffles, with some protrusion on collagen-and fibronectin-coated . (G,H) Cultures under starving conditions for 1 day and switched to growth media for 3 days. The percentages of total cells contained in different cell cycle phases are indicated. M1 represents the "Go/G1" phase, M2 denotes the "S" phase, and M3 denotes the "G2/M" phase. Significant difference between control and HGF is marked with asterisks (P < 0.05). dishes (Fig. 3B, arrows in Figs. 3Bc, 3Be ). HGF fibroblasts already showed protrusion with lamellipodia and membrane ruffles with possible focal contact formation on uncoated, collagen-, and fibronectin-coated matrices (arrows in Figs. 3Bb, 3Bd, 3Bf ), but not on poly-D-lysine-coated surfaces (h). Since fibroblast cultures were usually plated and maintained in uncoated tissue culture plates, the different proportions of cells showing protrusion, < 30% for control fibroblasts and > 90% for HGF fibroblasts (Figs. 3Aa, 3Ab) , could account for higher in vitro HGF fibroblast growth rates.
Proliferation of Fibroblasts and Change of Collagen Structure in Three-dimensional Matrix
Results of fibroblast proliferation assays in monolayer cultures were consistent with histological observations indicating greater fibroblast cell numbers in HGF gingiva (Figs. 1Ac, 1Bc) . Since it is difficult to monitor the proliferation of gingival fibroblasts in vivo, we developed a three-dimensional culture system to compare growth rates and to study whether fibroblasts would alter the structure of collagen as observed in HGF gingival tissue sections (Figs. 1Ad, 1Bd ). We used Type-I collagen to construct three-dimensional matrices, since similar proportions of cell extensions were observed in control and HGF fibroblasts plated on collagen-1-coated plates (Figs. 3Bc, 3Bd) , and because it is the major extracellular matrix component of gingiva. To evaluate fibroblast proliferation in three-dimensional matrices, we mixed equal numbers of cells, at 2 different densities, in collagen-1 matrices during three-dimensional culture preparation. After 48 hrs' incubation, cells were released from the matrix by collagenase digestion, and cell numbers were determined. Regardless of the initial cell-plating density, an increased cell density was observed for both control and HGF fibroblasts (Fig.  4A) . However, the increase in HGF fibroblasts was greater in both the low-(37% increase vs. control) and high-density (31% increase vs. control) platings, indicating significantly greater HGF fibroblast growth rates (p < 0.05). Diff-Quik staining also illustrated the increase of cell populations in HGF fibroblasts compared with controls (Figs. 4B, 4C ).
In addition to increased fibroblast numbers, greater shadow areas were observed around HGF fibroblasts, indicating changes of the collagen matrix. Picro-sirius red staining of collagen demonstrated even spreading in three-dimensional matrix containing control fibroblasts (Fig. 4D) . In contrast, an uneven collagen distribution with darker and cluster regions was associated with HGF fibroblasts (Fig. 4E) . While light staining with loose collagen fibers was displayed around control fibroblasts (Fig. 4F ), dense staining with compact collagen fibers was present around HGF fibroblasts (Fig. 4G) .
These results indicate that growth of HGF fibroblasts in the 
DISCUSSION
Increased gingival volumes reported in HGF appear chiefly due to increased connective tissue. Studies generally have reported increases of extracellular matrix, primarily collagen (Coletta et al., 1998; Saygun et al., 2003; Gagliano et al., 2005; Martelli-Junior et al., 2005) . Our histological analysis of HGF gingiva indicated increased collagen (approximately 10%) as well as denser, less-regularly-ordered patterns of collagen deposition (Fig. 1) . We found more fibroblasts present (approximately 30%) at all levels of the connective tissue. Previous studies indicated increased proliferation rates for epithelial cells and fibroblasts in HGF gingiva. Immunohistochemical assays for epidermal growth factors, epidermal growth factor receptor, proliferating cell nuclear antigen, and pKi-67 generally reported increased epithelial cell proliferation in HGF tissue (Araujo et al., 2003; Saygun et al., 2003; Almeida et al., 2005; Martelli-Junior et al., 2005) . Increased fibroblast proliferation has also been reported with 5-bromo-2-deoxyuridine incorporation into DNA (Tipton et al., 1997 (Tipton et al., , 2004 Almeida et al., 2005) . Others using Ki-67 immunohistochemistry reported no increased fibroblast proliferation in HGF (Saygun et al., 2003) . Our assays for total cell number and 5-bromo-2-deoxyuridine incorporation into actively growing fibroblasts demonstrated significantly higher HGF fibroblast proliferation rates (p < 0.05; Fig. 2) . Interestingly, whereas cell proliferation for control fibroblasts plateaued after 3 days, HGF fibroblasts continued to proliferate through day 7. Flow cytometry experiments indicated that when released from starvation conditions, a significantly greater proportion of HGF fibroblasts entered the G2/M cell cycle phase ( Figs. 2E, 2F ), consistent with an increased rate of cell proliferation, findings consistent with those of Coletta et al. (1999) .
Since cells behave differently in three-dimensional tissues than in the monolayer, we evaluated HGF and control fibroblasts in three-dimensional matrices. Regardless of initial cell density, there was an increase (~ 31-37%) of HGF fibroblasts compared with controls, again indicating higher proliferation rates for HGF fibroblasts. Additionally, whereas control fibroblasts were associated with a uniform spreading of collagen in the threedimensional matrix assay, collagen associated with HGF fibroblasts appeared uneven, with dense staining indicating clustering of collagen fibers. These findings are consistent with histological observations of gingiva from our HGF patients. Because the ability of cells to attach to surfaces involves formation of focal adhesions and focal contacts which affect cell migration, growth, and survival through integrin signaling pathways, we compared the ability of fibroblasts to attach to different extracellular matrix surfaces (Zamir and Geiger, 2001; Martin et al., 2002) . HGF fibroblasts demonstrated greater protrusions with lamellipodia and membrane ruffles under all surface conditions tested, except on poly-D-lysine-coated surfaces (Fig. 3) . This difference in HGF fibroblast behavior may be related to their increased proliferation rates and to the changes in the collagen matrix observed in three-dimensional cultures (Fig. 4) .
These findings demonstrated increased numbers of fibroblasts associated with mutation of the SOS1 gene, both in vitro and in vivo. SOS1 functions as a guanine-exchange factor and plays a critical role (in Ras signaling pathways) that affects cell proliferation, movement, and differentiation (Bar-Sagi and Figure 4 . Proliferation of fibroblasts and change of collagen matrix in three-dimensional cultures. The three-dimensional collagen matrix containing normal control fibroblasts or HGF fibroblasts was prepared at 2 different densities (low, 15,000 cells/mL; and high, 20,000 cells/mL). (A) After 2 days, fibroblasts were released from 1 set of three-dimensional cultures as described in MATERIALS & METHODS. Total cell numbers were determined, and data are presented as mean ± standard deviations from triplicate samples for controls (N = 3) and HGF patients (N = 3); * indicates P < 0.05. Another set of three-dimensional cultures (20,000 cells/mL), maintained in regular growth medium for an additional 3 days, was stained with Diff-quik to show cells (B,C) . The three-dimensional cultures were fixed and stained with picro-sirius red to show collagen. Panels D and F demonstrate the ordered spreading (D) and density (F) from control cells. Irregularly clumped deposition (E) and increased collagen density (G) were observed from HGF cells in three-dimensional culture. Panels D and E are low-magnification (100X) images; panels F and G are high-magnification (960X) images. Bar is 50 m in D and E, 10 m in F and G. Hall, 2000) . Fibroblasts carrying the SOS1 mutation demonstrated increased cell proliferation rates, an altered ability to attach, and an enhanced propensity to form protrusions with lamellipodia. These interactions may relate to the alterations of cell numbers and collagen observed in HGF gingiva.
